In this paper we propose an economic model for the optimum allocation of water within a given area with the following features. First, the introduction of the institutional, geographical and time scheme under which the water rights are granted. Secondly, the establishment of a modelling framework for these characteristics which influence and are, in turn, influenced by two particular circumstances, namely the irregular conditions of the upstream flows and the possible new requirements of some of the users. Particular attention is paid to the influence of the time and space variables on both the water demand and supply conditions. The application of the model to a specific case confirms the potential of the analysis as a basis for achieving improvements in water allocation from the former administrative-based rules to new flexible and tradable water rights. In both case, gains are obtained from the exchange and we can note the implications of the time and space variables on the optimal allocations.
INTRODUCTION
The problems associated to the management of water in Mediterranean climates are well known, with these essentially resulting from the uncertainty associated with the supply of water in terms of both space and time. Thus, in order for users to be guaranteed the possibility of counting on the necessary surface water resources, volumes and priorities are allocated to different uses by way of water rights. These rights represent the main legal instrument that ranks and shares the uses with respect to space and time.
As Howe et al. (1986) have stated "property rights in water can be completely described only by a definition covering the quantity diverted and consumed, timing, quality and places of diversion and application. Changes in any of these characteristics could potentially affect other water users". With this being the basic scenario within which water users operate, the literature contains various studies that place emphasis on the need to introduce flexibility in the allocation of resources. In this sense, the now classic work of Coase (1960) demonstrates that, once property rights have been established, their exchange by the agents would generally lead to improvements in the Pareto sense. For the particular case of water, the works of Young and Haveman (1985) , Gibbons (1986) , Howitt (1988) , or that of the earlier mentioned Howe et al. (1986) , are illustrative of how proximity to market situations leads to more efficient allocations of the resource.
The correct definition of water rights (in the terms described above) and of third parties -particularly of the environment-are two of the main problems to which the literature has also given attention. In this regard, Winpenny (1994) carries out an in-depth analysis of the difficulties implied in these definitions and notes that the allocation of water throughout the world is carried out by way of administrative rules, with the market approach being the exception.
In any event, when beginning from the basis of clearly inefficient allocations of the resource, there is an important margin for transactions that would markedly improve this situation. In this line, it is possible to propose allocation systems that, taking into account environmental, institutional and hydrologic restrictions, lead to exchanges that are beneficial for society as a whole.
Against this background, the aim of this paper is to demonstrate how, for a specific case, incentives can make the existing bureaucratic resource management more flexible. Just as in the works of Houston and Whittesey (1986) , Butcher and Wandschneider (1986) or Chatterjee el al.(1998) , the allocation problem we consider arises out of competition for the water resource between two users, namely agriculture and hydropower. The novel aspect of our work is that the proposed model and the resulting optimum allocation take into account two aspects of Howe's concept of the definition of water rights that have not, in our view, received sufficient attention, i.e. timing and place of diversion 1 .
These two important aspects will be reflected both in the way the problem is framed and in the main results. Specifically, the problem we are considering is water allocation between users situated in different locations and with requirements at different times of the water year. On this basis, we examine whether it is possible to obtain benefits from a hypothetical bilateral exchange.
Obviously, the fact that we focus on incentives to transactions does not mean that these actually take place. Such exchanges depend to a large extent on legal, hydrologic and, mainly, historical settings. In Spain, for example, the allocation of water is carried out by way of rigid administrative mechanisms and at prices that hardly reflect the transport and water storage costs. If, to all this, we add that expectations of new supplies of cheap water are constantly being raised by the Public Administration, then it should come as no surprise that the users show only limited interest in transactions which suppose, at the very least, that they have to pay the opportunity costs of the activity which assigns its rights (see Sumpsi et al.,1998) . Nevertheless, we agree with Howe et al.(1986) that it is necessary to demonstrate specific situations of Paretian improvements derived from the exchange in order to convince both policymakers and users of the advantages of these types of systems, as compared to the traditional subsidised supply of new resources.
It is in this context where the time and space dimensions acquire a particular relevance. The current administrative system establishes a series of priorities that are independent of time and space. In this sense, new demands by any user affect the whole system and the way in which water is available for the remaining users can therefore be restricted, depending on where and when the water is required. For example, the current plans for the transfer of water from the Ebro to the Mediterranean basin have been drawn-up with little account being taken of the effects on the time and space distribution of the flows in the basin from which this water is to be transferred. This could result in the disappearance of the Ebro delta, which requires certain minimum stream flows at specific times.
The rest of the paper is organised as follows. In Section 2, we consider the model that underlies our specific case study. This model includes the specification of the behaviour of two users and the formal representation of the priority of water rights which results from applying current legal regulations. Particular attention is paid to the geographical and time characteristics of these rights. On the basis of a restricted optimisation model, we show that it is possible to obtain an efficient allocation that leads to greater joint profits. Section 3 is devoted to a calibration and empirical application of the model through a simulation of two scenarios: drought and extension of arable land. Section 4 closes the paper with a review of the main conclusions.
AGENTS, VARIABLES AND OPTIMISATION FRAMEWORK
In this Section we propose a model on the basis of which it is possible to obtain water allocations between users. Our aim is to construct this model in such a way that it covers the largest possible number of situations. However, before discussing the model in detail, let us first consider the agents who intervene, their geographical location and the initial institutional and hydrologic framework.
The agents
As we can see from Figure 1 , we consider two reservoirs upon which four types of agent, namely cities, minimum instream flow for environmental reasons, farmers and hydropower depend. The water rights of each of these agents are restricted by the maximum volume that can be used, at any moment in time and by a strict order of priority in the following terms. First, the city users are supplied with a maximum security level. This supposes that there is a prior level of reserves in the reservoirs that cannot be used unless and until the city uses have been satisfied.
Once the drinking water needs have been covered in the above terms, it is necessary to guarantee the minimum flow, which consists of a minimum continuous flow in the natural channel. The next use under this order of priority is that of agriculture. In contrast to the two earlier uses, this requires water for only half the water year, that is to say, during the irrigation period. It is this aspect that gives relevance to the time distribution of the rights and to the possibilities for the transfer of resources from one time period to another through storage in reservoirs. For the sake of simplicity, we consider only two sub-periods in the water year, namely, the irrigation and the non-irrigation periods. The last agent to appear under this order of priorities is hydropower, in the form of the hydroelectric plants located at the foot of the reservoir. These plants release water only when the other uses are satisfied in each period. Once all the other users have received the amount of water established in their water right (hereafter referred to as "allotment") it is possible to accumulate water in the reservoirs in prevision for possible drought periods and until their storage capacity is reached.
All the agents are organised spatially around two systems (upstream and downstream) regulated by two reservoirs that, logically, are interdependent. A scheme established in this way describes a large number of situations that could be represented as particular cases of it. The interdependencies translate into two aspects: first, the agents located downstream are, to some extent, subsidiaries of their homologues and of the upstream priority uses; secondly, the reservoirs are managed in a co-ordinated manner in order to meet the needs of the totality of the users.
For practical purposes, we assume that the city and environmental requirements are given and, whenever possible, coincide with the allotment. By contrast, we assume that both farmers and hydropower have a profit function that depends on the volume of water used. This means that the requirement of the cities and the minimum flow act as mere restrictions, whilst the water used by farmers and hydropower are our main variables.
Variables
The allotment (maximum quantity established in the water right) and effective applied water levels are represented by Ck jt and Uk jt , respectively, with k = 1, 2, 3, 4 types of use; j = 1, 2 systems and t = 1, 2 sub-periods of the water year mentioned above. We denote by R j 0 the minimum levels of the reservoirs dedicated to guaranteeing drinking water.
Two important state variables of the model are V jt and R jt . V jt represents the volume of water supply per period in each system and corresponds to the initial reserves (R jt-1 ), plus the quantity of water it receives, either in the form of the natural upstream inflows of the river (A jt ) or from the earlier return flows 2 ( rk j-1t Uk j-1t ), with rk j-1t being the rate of return flows of use k in system j-1 and in period t . Thus, there are two flow variables (C, U) and three state variables (R, A, V) 3 .
Figure 2
As regards the variable R jt (reservoir reserves of system j at period t), this takes values between 0 and the maximum capacity of the reservoir (R max ). Furthermore, and in function of whatever is the amount of the upstream flows and the intensity of the uses, it will take values above or below the security reserve R j 0 . Thus, if the available water is insufficient even for urban uses, the reserve will be null until these are satisfied and, thereafter, these reserves will have priority over any other use until such a security level (R jt = R j 0 ) is reached. Once this limit has been exceeded, additional units of water will be kept in the reservoir only if all the other uses are satisfied. These variables, their spatial location and time distribution are presented in Figure 2 .
The model
Farmers cultivate a mixture of i different products (i = 1, 2, ....., n) with net profits per unit of surface area (with the cost of water also being discounted) of m A ij , surface areas per crop of s ij and applied water for each crop and irrigated area of U3 ijt (which, in turn, depends on the water needs of the crop (NH ij ) and the irrigation efficiency (e).
With respect to the hydropower plant, the profit also depends on its unit margin (m H ), on the released flow (U4 jt ), on a conversion independent of these factors in energy, which we denote as , and on the head of water in the reservoir (h j ) which, in turn, depends on the volume stored in the reservoir h j = h j (R jt ). The margin m H corresponds to the profit obtained by the last unit of energy (Kwh) produced.
The restrictions reflect the two aspects we consider to be essential, that is to say, the water right system and spatial location, with the first of these establishing the order of priority, the allotment and the moment in time at which the use becomes effective.
In function of these criteria and of the places of diversion, we have two possible relationships between the uses: rival and successive (or non -rival). Two uses are rival if they compete for the same unit of water in the same place (although they do so at different moments in time). By contrast, two uses are successive if the withdrawal of one unit of water on the part of one of them does not prevent its use by the other.
Under this general scheme, we can propose a model of optimum allocation between the uses with the following objective joint profit function and restrictions:
 t subject to:
The relationship between effective uses and water rights (priority and volumes) are reflected in the restrictions in the following terms: the water used by a set of successive uses will be the highest of all of them, whilst from amongst a group of rival uses, it will be their total. For example, in restriction 5 we can see how U2 j,t and U1 j+1,t are successive uses, whilst this U1 j+1,t is a rival offstream use with respect to U2 j+1,t .
Furthermore, the order of priority is reflected in the fact that, for each activity, the water used will be the total available volume (Vjt), minus the sum of the amounts consumed by rival offstream uses which have a priority over that activity. In any event, any user can apply more water than the allotment established in its water right. This last aspect justifies that initial minimum option of restrictions 2 to 6. Given that we have two systems, the variables in j+1 and j-1 are null for j=2 and j=1, respectively.
The spatial structure is also implicit in the restrictions, i.e., between two users of the same type, the user which is located further upstream will have priority. Furthermore, the state variable R jt takes into account all the requirements located downstream. Thus, the demands of system 2 condition the available reserves in the whole system at any given time.
As we can note, the level of joint profit depend both on the volume of supply of water and on the time and spatial structure of the water rights. More detailed information about the behaviour of reserves and joint profit function for different availability of water can be obtained from the authors upon request.
On this basis, we are in a position to carry out a comparative analysis with the following steps. First, we define a starting point situation according to which, for the sake of simplicity, the supply and the requirement coincide exactly in space and time. This is the situation that arises in the case where the supply of water is exactly that necessary in order to satisfy all the water rights under the terms and in the places established. Secondly, we suppose a change in the initial conditions in two directions: a fall in water supply (drought) and an increase in agricultural requirements. We then evaluate and compare the two allocations, namely, that resulting from the strict application of the current water rights and that resulting from the joint profit optimisation exercise.
APPLICATION OF THE MODEL TO A CASE STUDY
In this Section we apply the model in order to represent and solve two specific water allocation problems. Our case study rests on two types of data: that of system 1, which is real and has served to calibrate the model, and that of system 2, which is simulated.
The starting-point situation
The starting data for system 1 come from the Vadiello reservoir, located in Northeastern Spain. The requirements are well delimited in this area, as can be seen from Figure 3 . Data about these requirements were obtained from CHE (2000) and MAPA (1999) . Furthermore, the security reserves for urban use are 5 and 2.5 Hm 3 , respectively, in each system, whilst the maximum capacity of the reservoir is 16 Hm 3 in the two cases. The second system is simulated on the basis of data from the first, considering that its demands are one half (except for the minimum flow, where it seems reasonable to assume that this will be the same throughout the length of the river). The data on cultivated surface area and agricultural profits have been taken from the real situation found in our area of study and translated to the second system, copying the share of crops and the net margin per hectare corresponding to the upstream system. Figure 3 represents a supply-demand equilibrium for a given upstream flows regime (that of the Vadiello Reservoir in an average water year). As we can see, all the water rights are satisfied in the place and time established; that is, there is no deficit for any sector.
On the basis of a situation of equilibrium such as that described above, we can consider two types of problem that might arise as a consequence of changes in the supply and/or demand conditions: first, a situation of drought, assuming a fall in the water supply of 30% (i.e., a fall in upstream inflows); secondly, an increase in the surface area under irrigation of 700 hectares within system 2 (i.e., an increase in the system 2 irrigation needs). In this latter case, the irrigation-based farmers operating within this system wish to have as much surface area under cultivation as their counterparts operating within system 1 (we assume a constant distribution of crops). It should be noted that we are dealing with an optimisation problem based on an annual time horizon. 
Specification of the theoretical model
We reduce both problems (drought and increase in downstream requirements) to the same terms: calculate the changes in the operational regime of the hydropower plant that are necessary in order to maximise the joint agriculture-hydropower profit. The resolution of this problem determines certain levels of reservoir-stored water R jt in both periods, various changes in hydropower allotments and, of course, changes in profits for both users.
In order to make the theoretical model operative, a specific profit function is constructed such that m A ij corresponds to profit per hectare, i.e., the net margin minus other indirect costs, as these are defined in agricultural accounting (e.q. MOPTMA, 1993). As we can see, we assume linear technology. Furthermore, m H is determined as 8 pesetas/Kwh, the restated value of the margin for hydropower production that appears in the same document. The head is estimated through a function calibrated for the real data of the Vadiello reservoir, h j = b ln(R' jt ), with R' jt being the average reserves in each period. The best fit of the head of the reservoir and the reserves is obtained through a logarithmic function with coefficient 8.2323. Finally,  is the conversion independent of the released flow and head in energy (2180 Kwh/Hm 3 ).
In system 1, there are 1400 hectares of irrigated area, distributed between four types of crops: cereals, 55%; industrial crops, 29%; vegetables, 15%; and fruit, 1%. In all cases, we assume an irrigation efficiency of 47% (see Bielsa, 1999) . In system 2, the number of hectares under irrigation is 700, whilst the distribution of the crops and the irrigation efficiency is assumed to have the same structure as in system 1. Both cases, and their associated reallocations, are described in the following sub-sections.
Case 1: Reallocation in response to drought
The problem here takes the form of a reduction in the upstream flows of 30%, i.e., a "typical" dry year 4 . Table 1 shows the earlier mentioned changes in the operational regime that are necessary in order to maximise the joint agriculture-hydropower profit, as well as the consequences of these changes in terms of reserves time distribution (R jt ). This table contains three blocks for each system: the starting point, the case of drought for current water rights and the distribution of water rights resulting from the maximisation of the joint profit for this new situation (optimum solution). Under the assumption of current rights, and following its order of priority, deficits appear in the second period of the dry year. For the hydropower use of system 2, these deficits take the form of the difference between the compulsory withdrawals from the reservoir for the population or for the minimum flow (whichever is the highest) and the releasing demands of that activity. Agriculture only counts on the water left to it by urban requirements and the security stock in the reservoir, with the remaining amount it needs in order to meet its requirements constituting its deficit. As can be noted, the fall in precipitation takes the form of a lower quantity of water stored in the reservoir, a situation that remains throughout the year. Net demand shows the volume of water withdrawn from each reservoir to meet the requirements.
Given that the hydroelectric value of released water depends on the head of the reservoir (and, therefore, on the volume of reservoir reserves), each one of the periods has an associated value of the energy per unit of water used. This value appears in the bottom row of the table. In the optimum solution, the hydropower plant will change the releasing timetable such that it renounces a part of its initial allotment in the first period. In exchange, hydropower has more water rights in the second period and a higher profit per unit of released water, due to an increase in the level of water stored in the reservoir. In this way, agriculture counts on a larger availability of resources during the irrigation season, which is equivalent to the drought having a lower impact on profits and loss account. The allocation of resources in the optimum solution is presented in Figure 4 . Therefore, if both parties reach an agreement such as that suggested by the optimum solution, an improvement will be achieved in the Pareto sense, as compared to the case in which there is no agreement. This is illustrated in Table 2 , which presents the increase in profits from the earlier mentioned change in allotments. Therefore, reallocation of water is expected to generate gains in this case. Thus, the figures show that it is possible to establish option agreements related to rainfall conditions (in drought years) between farmers and electricity producers that have the effect of reducing the agricultural losses without diminishing the hydropower profits. These agreements represent a type of drought insurance for agriculture, implying an increase in their effective allocations of water stored in the reservoirs at the beginning of the irrigation season as a result of a reduction in the hydropower allotment in the non irrigation period.
Whilst it would be interesting to study the specific legal form in which this agreement could be reached, this lies beyond the scope of our paper. Here, we only aim illustrating that such an arrangement is, at least on the basis of real data, interesting for both parties.
Case 2. Reallocation in response to extension in surface area under irrigation
In this case, we assume that there is a plan to double the surface area under irrigation in system 2, while leaving the distribution of crops unchanged. This supposes a permanent deficit of 5.9 Hm 3 for the agricultural sector operating in this system. In fact, it is not possible to meet the additional requirements created by these newly irrigated areas on the basis of the water supply available in an average year, taking into account current hydropower time-distribution allotments.
In such circumstances, we cannot speak of a lack of rainfall, but rather of an increase in requirements that exceeds the possibilities of the current water rights system to satisfy them. Under market conditions this deficit could be met through a relative increase in the price of the good, which is now more scarce. However, given the earlier mentioned institutional structure that operates in Spain, it cannot be expected that such a change will be introduced, at least in the short term. Again, the optimisation exercise shows that it is possible to establish agreements, which will now be of a permanent character, to improve the situation of both users. However, and by contrast to the earlier case, we are now not dealing with two different situations, depending on whether we are referring to a "normal" or to a dry year. Rather, we are considering two possible distributions of the resource over time. The following tables and figures illustrate the three reference scenarios: the starting point situation and the two possible allocations under new agricultural requirements, that is to say, the maintenance of current water rights or reallocation in a optimum solution provided by the maximisation results.
The exchange will take the form of the hydropower plant of system 1 releasing freely (which, under maximisation, will lead to the releasing of 12 Hm 3 in the first period and 20 in the second). For its part, the plant in system 2 will have to renounce 4 Hm 3 of its water rights during the first period in exchange for practically free releasing in the second. In this way, agriculture (both in system 1 and 2) will find itself in a position where practically all the water it requires in the irrigation period will be available from the water stored in the reservoir during the non-irrigation period. The 3.2 Hm 3 of agricultural deficit that remains in the optimum solution for system 2 is independent of the operational regime. In fact, there is simply not enough water to cover all requirements. Once again, the optimum solution shows itself to be superior to that of current rights, given that both users achieve an increase in their profits. These profits and the gain between the two options are illustrated in Table 4 . In summary, the results show that, in the face of a scarcity of resources, negotiating on the distribution of the water rights might not only mitigate the losses resulting from such a scarcity, but could also improve the joint profit of the system. Depending on the case, these negotiations could be transformed into permanent agreements that would suppose a change in the space and time distribution of the resources.
CONCLUSIONS
The economic literature contains many examples of how transactions between agents can give rise to efficient allocations and improvements in the Pareto sense. However, allocation of water in Spain has followed procedures very distinct from those recommended by Coase. Thus, in this country water rights are allocated rigidly according to administrative regulations. As a result, exchanges are the exception rather than the rule, and new downstream demands at subsidised prices can be promised by the authorities without taking into account their real upstream effects. Although there are clearly important reasons to question the capability of the market system to efficiently allocate a resource such as water, it is no less true that there are many situations in which the re-allocation of rights could be beneficial for society as a whole.
As a consequence, there is a wide field of study available to us regarding possible exchanges of water rights between one activity and another. In this paper, we are particularly concerned with the possible benefits of these transactions, rather than the legal or institutional form used to bring them about. We would simply remark that, in general terms, any legal reform should be aimed at ensuring that the agents perceive the opportunity cost of the water they are using.
In this context, it is essential to have a correct definition of water rights in all its dimensions, i.e., quantity, quality, spatial location and time. These last two dimensions have sometimes been ignored in the literature and constitute the central focus of our work and its main contribution. Our central objective is to illustrate the form in which both dimensions can be incorporated in the search for optimum allocations. For this reason, we have chosen a situation in which two users (agriculture and hydropower) compete for the water resources of a river in both space and time.
Specifically, we consider what would be the optimum allocation of water between the users when there is a scarcity of the resource. That is to say, we try to determine how water should be allocated in order to increase the profit, or mitigate the losses, derived from that scarcity. This process for the optimisation of the agents' profits (in our case, those of farmers and hydroelectric plants) is conditioned by institutional as well as hydrologic, geographical and time aspects. We construct an optimisation model that incorporates the legal order of priority over the water held by each user and places their requirements in space and time.
The empirical analysis is focused on analysing the requirements (from cities, minimum flow, farmers and hydroelectric plants) associated with two interrelated reservoirs managed in a co-ordinated form. This approach allows us to extend the range of real situations that can be simulated. In this paper we simulate two specific situations of competition for a scarce resource, namely a reduction in streamflow and an increase in irrigation requirements. The results demonstrate the existence of incentives for the hydroelectric plants to review their operational plan in such a way that, at least in some cases, they can assign their rights to agriculture. In these circumstances, we find that making property rights more flexible increases the joint profits of the two types of users.
We believe that an approach of this type would allow us to advance in the necessary integration of the spatial characteristics of water an in economic context. Nevertheless, we clearly cannot forget some important aspects which, although not reflected here, represent natural extensions of this work. Thus, and given the importance of certainty of water supply in the operation of the model, it would be interesting to introduce probability functions of the different levels of upstream flows as well as to obtain the most beneficial allocations in this probabilistic context. Bearing in mind this uncertainty, such allocations would be understood as those which suppose higher profits. Similarly, a consideration of the quality of the water used, both in the definition of property rights and in the allocation process, constitutes a further logical extension of this paper.
NOTES.
*This work has been partially funded by Project P52/97 of the Diputación General de Aragón, Zaragoza (Spain) and Project CICYT 221-94.
